When an average stress in metallic thin film was measured as a function of the film thickness during real time deposition, three distinct stress stages of initial compressive, tensile, and compressive were reported to occur for metals with relatively high mobility. A reversible stress shift to the tensile side was observed due to an abrupt interruption of deposition at the compressive stage. The stress shift occurred rapidly in the beginning and rather slowly later, to reach a saturation value.
Introduction
In most of the major industries including semiconductors, 1) optoelectronics, 2) MEMS, 3) and machining tools 4) thin film processing was involved ubiquitously during the last decades. Inevitably the stresses in thin films can severely impact the reliability and performance of the products in the aforementioned industries.
Thin films often undergo a series of stress transitions as the microstructure develops when they grow in the VolmerWeber mode. 518) In-situ stresses in metallic thin films during deposition show different behaviors depending on atoms. High mobility metals such as Al, Cu, and Ag show three stress stages of initial compressive, tensile, and subsequent compressive stress, while relatively low mobility metals such as Cr, Ti, and W show only two stress stages of compressive and tensile stress. 5, 6) When the depositing metals form islands at the beginning of deposition, the islands cause initial compressive stress due to their surface energy. 7, 8) The islands grow to form a continuous film as the deposition proceeds, resulting in volume shrinkage to cause tensile stress in the thin film.
912) Subsequent compressive stress may be due to the fact that intense atom influx to grain boundary takes place, driven by the difference in chemical potential of the film surface and grain boundary.
1315) The outflow of atoms from the grain boundary may be involved in the process of stress shift by the interruption of deposition. The explanation for the stress shift is still not clear.
1518) The stress shift toward the tensile side was mainly observed for the metals with high mobility when deposition was interrupted. The stress shift occurred rapidly at the beginning and rather slowly later, to reach a saturation value. Inevitably, the saturated value of stress may affect the residual stress in thin film later. For metals with a rather low mobility, the stress shift was rarely reported after the interruption of the deposition.
In this study, the phenomenon of stress shift by the interruption of deposition was investigated using Al and Cr thin films that have a broad distinction in mobility. The phenomenon was monitored in terms of stress state and magnitude at the deposition interruption point and deposition temperature in this study. In the case of Cr thin film deposition, the temperature was increased to 300°C to cause the change in thin film stress behavior. For Al thin films, depositions were interrupted at both tensile and compressive stress states. In addition, stress shifts were observed when depositions were interrupted at different compressive stress levels.
Experimental Procedures
Al and Cr thin films were deposited using the e-beam thermal evaporation device as shown in Fig. 1 . The Si (111) wafer of 4 in. diameter was ground on both sides to the thickness of 100 micrometers for a more sensitive measurement of the radius of curvature. The radius of curvature of the wafer was monitored in-situ (real time) using a multi-beam 
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curvature measurement system ( Fig. 1(a) ) as a function of the thickness of film.
The average in-situ stress of metallic thin film was obtained as a function of change in curvature using the Stoney equation. 19) Stoney's formula was derived for an isotropic thin solid film of uniform thickness deposited on a much thicker plate substrate based on a number of assumptions described elsewhere.
20) The Stoney equation reads,
À¯sÞR ð1Þ
where, · f the in-plane stress component in the film, t f the thickness of the film, E s Young's modulus of the substrate (168.9 GPa for Si (111) substrate in this experiment 21) ),¯s Poisson's ratio for the substrate, h the thickness of the substrate and R the radius of curvature of the initial flat substrate after deposition of the film.
Deposition temperature was increased up to 300°C for Cr thin films to check the thin film stress behavior. Depositions were interrupted at both tensile and compressive stress states in the cases of Al thin films, and were also interrupted at different compressive stress levels to observe the effect of magnitude of compressive stress. Al thin films were deposited at room temperature with the deposition rate of 2.2 nm/s; depositions were interrupted at the thicknesses of 100, 200, and 300 nanometers. Three deposition temperatures of RT, 200, and 300°C were employed for the deposition of Cr at a deposition rate of 1.7 nm/s. Experimental conditions for Al and Cr thin film depositions are shown in Table 1 .
Results and Discussions

The effect of deposition temperature of Cr thin film
on stress shift Cr thin films are reported to show two stress stages; compressive and tensile, and they do not show the stress shift due to interruption during deposition. 5, 6) The tensile stress stage is known to be related to film densification where selfdiffusion is actively involved. Generally the self-diffusion coefficient of metals, D, is expressed in the following form,
Where D 0 is the pre-exponential factor that is the maximum diffusion coefficient, Q is the activation energy for diffusion, R is the gas constant, and T is absolute temperature. Self-diffusion coefficients were calculated to be 1.61 © 10 ¹53 mm 2 /s for Cr and 6.41 © 10 ¹24 mm/s for Al at room temperature using eq. (1) and /s, which is comparable to that of Al at room temperature. To investigate the effects of increase in Cr mobility on stress shift due to deposition interruption, Cr thin films were deposited at room temperature, 200, and 300°C. The in-situ stress behavior of Cr thin film at deposition temperatures of RT, 200°C and 300°C is shown in Fig. 2 . In Fig. 2 the upper graph of RT and 200°C represents a typical behavior at both temperatures, which is shown for the purpose of contrast to the case of 300°C. While the Cr film deposited at RT and 200°C showed typical stress behavior of metals with low mobility, showing mainly the stage of tensile stress, 5, 6) the in-situ stress from the film deposited at 300°C significantly differed from typical stress behavior of low mobility metals. The mobility may be one of the key factors for the difference in the in-situ stress behavior; the low mobility metal, in this case Cr, can behave like high mobility metals (such as Al) at 300°C.
The interruption of deposition did not show a stress shift for the Cr film deposited at RT and 200°C, where the stress state was tensile as shown in Fig. 2 . On the other hand, a clear stress shift toward the tensile side was observed due to deposition interruption in the compressive stress range for the Cr thin film deposited at 300°C. This may suggest that another necessary condition for the stress shift is the compressive stress state at the point of deposition interruption.
3.2 The effect of stress state and magnitude (magnitude of compressive stress) of Al thin film on stress shift at the point of deposition interruption Figure 3 shows the stress shifts toward the tensile side due to deposition when the points of deposition interruptions, magnitude of compressive stress, are varied for Al thin films. The slopes of secondary compressive stresses are observed to be similar, probably because the same deposition rate of 2.2 nm/s was used for the Al thin films. The amount of stress shift after interruptions increased as the magnitude of compressive stress at the point of interruption increased. To check the effect of stress state in thin film on the stress shift, deposition of Al film was again interrupted at the point of tensile stress. As shown in Fig. 4 , no stress shift was observed for Al film interrupted at the point of the tensile stress range. From the observations in Fig. 3 and 4 the stress state may be another factor which influences the stress shift to tensile side by the interruption of deposition for Al thin films. Grain boundary diffusion was known to occur in much faster fashion by a vacancy mechanism, which might be the case of grain boundaries with relatively more open structures for growing metallic films.
2325) It might be fair to say that atomic movements in and out of grain boundaries are predominant compared to the movement along surface and even volume.
Chason 1315) also claimed that film stress might change because of the atoms diffusing in and out of the grain boundary due to the chemical potential difference between the surface and the grain boundary. The chemical potential on the surface may be assumed to be stimulated during growth due to the non-equilibrium depositing flux of atoms. The adatoms diffuse into the grain boundary up to the point at which the chemical potential of the surface and grain boundary become equal during steady state deposition. When thin film deposition is interrupted, the chemical potential on the surface decreases; in turn, the atoms diffuse from the grain boundary onto the surface. This may not be adequate to explain why the stress shift is not observed for Al and Cr thin films under tensile stress state as shown in Fig. 2 and Fig. 4 .
The situation in which atoms diffuse into the grain boundary during deposition may be represented as a position (a) in Fig. 5 . The atoms diffuse from the grain boundary onto the surface 1315) when the deposition is interrupted; the situation may be conjectured as a position (b) in Fig. 5 in terms of free energy state. Small fraction of the required energy may be supplied by compressive stress for atom diffusion from the grain boundary to the surface of films due to deposition interruption, which may cause the stress shift toward the tensile side. Figure 5 shows that compressive stress may have contributed in at least small part in overcoming the activation energy for the atoms along the grain boundary. The larger magnitude of compressive stress in thin film is likely to supply more energy to the atoms along the grain boundary to diffuse outwards. This may explain the experimental result which shows an increase in the amount of stress shift as the magnitude of compressive stress at the point of interruption increases, as shown in Fig. 3 . The spacing among atoms may be sufficiently wide for the atoms under tensile stress not to be able to supply sufficient energy to the atoms to overcome the activation energy (Fig. 5) or the activation energy required for the atoms to move increases due to the tensile stress state. This may account for no stress shift when depositions were interrupted at the range of tensile stress.
Conclusions
Cr, commonly classified as low mobility metal, showed only tensile thin film stress, a typical in-situ stress behavior for low mobility metals during deposition at RT. But three stress stages including initial compressive, tensile, and compressive, were observed in in-situ stress during deposition when the deposition temperature was elevated to 300°C for the Cr films.
The high mobility metal Al showed 3 typical stress stages in in-situ stress during deposition. Also, stress shift phenomena were observed for Al thin films when depositions were interrupted only at the compressive stress state. The amount of stress shift was found to be proportional to the magnitude of compressive stress when the deposition was abruptly stopped.
The phenomena of stress shift were noted for Al and Cr thin films when the depositions were interrupted only at compressive stress stages. The compressive stress state is likely to have contributed in part to activation energy's overcoming for the atoms along the grain boundary to diffuse out, thus causing the stress shift.
